Abstract-
I. INTRODUCTION
The IN718 alloy is extensively used to manufacture critical parts in aeronautical, astronautical, oil and chemical industries due to its excellent mechanical, physical and anticorrosion behavior. On purpose of higher productivity and convenient process adjustment, the hot continuous rolling is preferred production of this alloy round rod, but the flow stress calculation of IN718 alloy in that production is the key factor for the rolling force determination and the parameter optimization in the rolling process.
Since the flow stress model of IN718 alloy built in the lower strain rate range 0.001~1.0 s -1 [1] can not meet the demand of high speed rolling, the other models in a much wider range of thermodynamic parameters have been developed and the piecewise fitting [2] and the neural network [3] were separately used in these models. Even though the higher fitting precision has been achieved in the later ones, the application of them is still limited due to their expression form. The rolling speed in a hot continuous rolling process will be increased with the rolling pass increased, and the temperature of the rolling piece for IN718 alloy as well due to thermal effects [4] . On the other hand, the accumulated strain in the roll gap will be softened in the stand interval due to the recrystallization behavior under appropriate conditions [5] . Obviously, it is of great importance not only the flow stress calculation of IN718 alloy should be built in a wide strain rate range and in a suitable deformation temperature range, but the softening behavior should be also considered.
In order to accurately calculate the rolling forces in the round rod rolling process of IN718 alloy, the flow stress model and the softening model have been constructed in the temperature range 950~1100 o C and in the strain rate range 0.1~100 s -1 , and the flow stress calculation for the hot continuous rolling process of this alloy round rod considering the interval softening was established.
II. CONSTRUCTION OF MODELS FOR HOT CONTINUOUS ROLLING PROCESS
In the multiple-pass hot rolling process, the metadynamic recrystallization is the main softening mechanism for IN718 alloy at high temperature after deformation due to the shorter interval time as the critical strain is attained in the former deformation process, therefore, the plastic rheological behavior in the deformation process and the softening behavior due to the metadynamic recrystallization should be considered in the flow stress calculation.
A. Flow Stress Model and Critic Strain Model for Dynamic Recrystallization
The single-hit cylindrical compression experiments were operated on the Gleeble-3800 simulator in the temperature range 950~1100 o C and in the strain rate range 0.1~100 s -1 , and the samples with the diameter of 8 mm and in the height of 15 mm [6] used in the experiments were machined from the hot square billet before hot rolling process. The chemical composition of the billet is as follow (wt. %): C-0.044, Si-0.13, Mn-0.10, Ni-52.61, Cr-18.98, Mo-3.05, Nb-5.14, Al-0.46, Ti-0.92 and Fe-the balance.
The stress-strain curves obtained in the experiments are shown in FIGURE I and a-d correspond the deformation temperatures 950, 1000, 1050 and 1100 o C. According to the relation between the flow stress and the Zener-Hollomon parameter [7] , the single-hit flow stress model of IN718 alloy has been regressed as (1) and (2) based on the data provided by these stress-strain curves. And the calculated stress values by (1) and (2) 
The critical strain (εc) of IN718 alloy for the dynamic recrystallization expressed as (3) and (4) was calculated by the relation with the peak strain [8, 9] . 
where, T ( o C) is the deformation temperature, &(s -1 ) is the strain rate, ε is the strain for deformation and R (8.314 J· mol -1 ·K -1 ) is the gas constant.
B. Softening Rate Model for Pass Interval
The double-hit cylindrical compression experiments were operated in the temperature range 1000~1100 o C and in the strain rate range 0.1~10.0 s -1 on the same experimental installation with the same samples. The strain for the first deformation (εm) is designed as 0.30, 0.35 and 0.40 and the whole strain is designed as 0.7. The interval time between the first and the second deformations (t) is designed as 1, 5, 10 and 15 s. The stress-strain curves obtained in the double-hit compression as t= 5s, εm=0.35 are shown in FIGURE II and a-c correspond to the strain rate of 0.1, 1.0 and 10.0 s -1 . It can be seen the stress level for the second deformation is lower than that for the first one at the strain point εm, but the stress reduction degrees are different from the different strain rates, deformation temperatures and interval times. The Xs named the softening rate is proposed to describe that degree.
The Xs for the softening rate caused by the metadynamic recrystallization can be calculated by through the back extrapolation method and shown in (5) [10] . 
where, Xs is the softening fraction due to recrystallization; t0.5 is the time for the recrystallization rate of 50% reached and regressed as (6). 
The variation of Xs with the interval time calculated by (5) and (6) is shown in FIGURE III and the tested values are marked in it. The higher fitting precision can be achieved by (5) and (6) by the comparison between the softening rate values calculated by (5) and (6) 
C. Calculation for the flow stress in a hot continuous rolling process
The flow stress of IN718 alloy can be calculated by the adjustment of the strain (ε) in (1) and (2) according to (7) and (8). (5) and (6) at the interval of the rolling passes with the number i and i-1.
As the ε in (1) and (2) 
III. CONCLUSIONS
A flow stress calculation model considering the interval softening for multiple-pass hot rolling process of IN 718 alloy was developed. The flow stress model for single-hit and the softening fraction model for double-hit used in the flow stress calculation model were verified by the comparison between the calculated and tested values.
